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ABSTRACT 1 
Avian influenza viruses of the H9N2 subtype have seriously affected the poultry industry of the Far 2 
and Middle East since the mid-1990’s and are considered one of the most likely candidates to cause 3 
a new influenza pandemic in humans. To understand the genesis and the epidemiology of these 4 
viruses we investigated the spatial and evolutionary dynamics of complete genome sequences of 5 
H9N2 viruses circulating in nine Middle Eastern and Central Asian countries from 1998 to 2010. 6 
We identified four distinct and co-circulating groups (A, B, C and D), each of which has undergone 7 
widespread inter- and intra- subtype reassortment, leading to the generation of viruses with 8 
unknown biological properties. Our analysis also suggested that Eastern Asia served as the major 9 
source for H9N2 gene segments in the Middle East and Central Asia, and that in this geographic 10 
region within-country evolution played a more important role in shaping viral genetic diversity than 11 
between-country migration. The genetic variability identified among the H9N2 viruses was 12 
associated with specific amino acid substitutions that are believed to result in increased 13 
transmissibility in mammals as well as resistance to antiviral drugs. Our study highlights the need to 14 
constantly monitor the evolution of H9N2 viruses in poultry to better understand the potential risk 15 
for human health posed by these viruses. 16 
 17 
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INTRODUCTION 1 
Avian influenza viruses of the H9N2 subtype are endemic in poultry populations across Asia and 2 
the Middle East. These viruses fall into a number of genetically defined lineages, with the majority 3 
of viruses circulating in Asia belonging to two lineages – G1 and Y280 – represented by the 4 
prototype viruses A/quail/Hong Kong/G1/97 and A/duck/Hong Kong/Y280/97, respectively, and 5 
which both became established in domestic poultry during the mid-1990s (16, 50, 33). Although 6 
H9N2 viruses are classified as low pathogenic avian influenza (LPAI), they sometimes cause 7 
significant disease in poultry, occasionally accompanied by high mortality and a marked reduction 8 
in egg production (4). To reduce the economic impact of the H9N2 infection in poultry, vaccination 9 
programs are commonly undertaken in several Asian countries (2, 4, 24). 10 
Since 1997 H9N2 viruses have been reported in multiple avian species throughout Asia, the 11 
Middle East, Europe and Africa (1, 2, 6, 14, 15, 16, 17, 18, 23, 24, 29, 44, 50), and have 12 
occasionally been transmitted from poultry to mammalian species including humans and pigs (5, 13 
25, 33). Further evidence of an expanded mammalian host range includes efficient replication of 14 
H9N2 in experimental mice without adaptation (9). Numerous recent H9N2 isolates contain an 15 
amino acid leucine at position 226 (L226) in their hemagglutinin (HA) receptor-binding site (RBS), 16 
which exhibits preferential binding to human-like α2-6 linked sialic acid (SAα2-6) receptors, and 17 
regarded as one of the key elements for the successful infection of humans (14, 18, 25, 45, 50). 18 
Recent research using ferrets demonstrated that L226-containing H9N2 viruses were more likely to 19 
transmit, although no aerosol transmission was observed (44). However, a chimeric H9N2 influenza 20 
virus carrying the surface glycoproteins of an avian H9N2 and the six internal genes of a human 21 
H3N2 virus was found to possess an increased transmissibility via respiratory droplets (42). 22 
It is well established that reassortment between isolates from different host species can 23 
generate viruses with pandemic potential. The detection of avian influenza H9N2 viruses in 24 
domestic pigs and humans clearly creates opportunities for such reassortment events (5, 49). In 25 
addition, the extensive co-circulation of H9N2 viruses with other avian influenza viruses is likely to 26 
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generate appropriate conditions for the development of reassortant viruses. Indeed, inter-subtype 1 
reassortment has been detected between co-circulating H9N2 and highly pathogenic H5N1 or H7N3 2 
viruses in China (16, 51) and Pakistan (6, 18). The circulation of H9N2 viruses throughout Eurasia, 3 
along with their ability to infect mammals and humans and the potential for future reassortment, 4 
clearly raises concern about their pandemic potential. 5 
While the genetic and antigenic evolution of H9N2 viruses in China is well documented, 6 
information on the genetic properties of those H9N2 viruses circulating in Central Asia and the 7 
Middle East is limited to studies of few strains collected in a single country (1, 15, 17, 18, 27, 34, 8 
34, 41). To explore the genetic characteristics, as well as the spatial and evolutionary dynamics of 9 
the H9N2 lineages that co-circulate in Central Asia and the Middle East, we conducted a 10 
phylogenetic analysis of whole genome sequences from H9N2 viruses sampled between 1998 to 11 
2010 from nine Asian countries: Iran, Iraq, Israel, Jordan, the United Arab Emirates (UAE), 12 
Pakistan, Afghanistan, Saudi Arabia and Qatar. The central aim of our study was to reveal the 13 
extent of inter- and intra- subtypic reassortment, as well as the frequency and pattern of viral gene 14 
flow in order to identify those geographical regions that are likely to serve as key source 15 
populations for H9N2 viruses. Additionally, we examined the emergence of amino acid mutations 16 
and their significance in terms of drug-resistance, adaptation to different host species, and pandemic 17 
potential.  18 
 19 
MATERIALS AND METHODS 20 
 21 
Viruses included in this study 22 
We sequenced the complete genomes of 29 avian influenza H9N2 viruses isolated from poultry in 23 
Afghanistan, Jordan, Saudi Arabia, Iraq-Kurdistan, Iran, UAE from 2004 to 2010, as well as the 24 
partial genomic sequences of five additional H9N2 viruses from Iraq (HA and NA), Qatar (PB2, 25 
HA, NP, NA, M and NS), Jordan (PB2, PB1, HA, NP, NA, M and NS), UAE (PB2, PB1, PA, HA, 26 
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 6 
NA, M and NS), and Saudi Arabia (PA, HA, NP, NA, M and NS). These sequences were analyzed 1 
together with all publicly available sequences data of H9N2 viruses isolated between 1998 and 2 
2008 from Central Asian and the Middle Eastern countries, including Israel, Iran, Saudi Arabia, 3 
UAE, Pakistan and Jordan. Overall, a total of 107, 109, 111, 178, 109, 138, 103 and 119 full-length 4 
H9N2 sequences were analyzed for the PB2, PB1, PA, HA, NP, NA, M, and NS segments, 5 
respectively.  6 
 7 
Nucleotide sequencing  8 
For the isolates sequenced in this study, viral RNA was extracted from the infective allantoic fluid 9 
of SPF fowls’ eggs using the Nucleospin RNA II Kit (Machery-Nagel, Duren, Germany) and was 10 
reverse transcribed with the SuperScript III Reverse Transcriptase kit (Invitrogen, Carlsbad, CA - 11 
USA). PCR amplifications were performed by using specific primers (primer sequences available 12 
on request). The complete coding sequences were generated using the Big Dye Terminator v3.1 13 
cycle sequencing kit (Applied Biosystem, Foster City, CA - USA). The products of the sequencing 14 
reactions were cleaned-up using PERFORMA DTR Ultra 96-Well kit (Edge BioSystems, 15 
Gaithersburg, MD - USA) and sequenced in a 16-capillary ABI PRISM 3130xl Genetic Analyzer 16 
(Applied Biosystem, Foster City, CA - USA). Sequence data were assembled and edited with 17 
SeqScape software v2.5 (Applied Biosystem). Sequences from all eight gene segments were aligned 18 
and compared with all publicly available H9N2 sequences of viruses from Central Asian and 19 
Middle Eastern countries, and with Eurasian H9N2 sequences representative of distinct H9N2 20 
lineages. Sequences of the six internal genes were compared also with representative sequences of 21 
viruses of different subtypes available in GenBank (table 1). 22 
 23 
Nucleotide sequence accession numbers 24 
The nucleotide sequences obtained in this study are available from GISAID under accession 25 
numbers EPI301452 to EPI301655 and EPI223068 to EPI223123.  26 
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 1 
Phylogenetic analysis 2 
For each of the eight genome segments, maximum likelihood (ML) trees were estimated using the 3 
best-fit general time-reversible (GTR)+I+Γ4 model of nucleotide substitution using PAUP* (47). 4 
Parameter values for the GTR substitution matrix, base composition, gamma distribution of among-5 
site rate variation (with four rate categories, Γ4), and proportion of invariant sites (I) were estimated 6 
directly from the data using MODELTEST (37). A bootstrap resampling process (1000 replications) 7 
using the neighbor-joining (NJ) method was used to assess the robustness of individual nodes on the 8 
phylogeny, incorporating the ML substitution model defined above.  9 
 10 
Substitution rates and times to common ancestry 11 
Rates of nucleotide substitution per site, per year and the time to the Most Recent Common 12 
Ancestor (tMRCA) of the sampled data were estimated using the BEAST program version 1.5.3 13 
(11) which employs a Bayesian Markov chain Monte Carlo (MCMC) approach. For each analysis 14 
the Bayesian skyline coalescent tree prior was used, as this is clearly the best descriptor of the 15 
complex population dynamics of influenza A virus (12).  Two molecular clock models – strict 16 
(constant) and uncorrelated lognormal (UCLN) relaxed clock – were compared by analyzing values 17 
of the coefficient of variation (CoV) in Tracer (11), such that CoV values >0 are evidence of non-18 
clock-like evolutionary behaviour. We also compared two nucleotide substitution models: a GTR + 19 
Γ4 model similar to that described above and a codon-based SRD06 model. In all cases the SRD06 20 
model performed better than the GTR + Γ4 model, as previously demonstrated for a large set of 21 
RNA viruses (39). In all cases, uncertainty in the data is reflected in the 95% highest probability 22 
density (HPD) values for each parameter estimate, and in each case chain lengths were run for 23 
sufficient time to achieve coverage as assessed using the Tracer v1.5 program (11).  Finally, 24 
Maximum Clade Credibility (MCC) phylogenetic trees were estimated from the posterior 25 
distribution of trees generated by BEAST using the program TreeAnnotator v1.5.3 (11) after the 26 
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 8 
removal of an appropriate burn-in (10% of the samples). The MCC trees were visualized using the 1 
program FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/), which allowed us to estimate the 2 
tMRCA of each individual node on the trees. 3 
 4 
Phylogeography of H9N2 in Central Asia and the Middle East 5 
To determine the extent and pattern of geographical structure in the H9N2 viruses sampled here we 6 
first grouped the sequences of viruses isolated in Central Asia and the Middle East into eight 7 
geographic regions, representing one or two adjacent countries. These geographic regions were as 8 
follows: Saudi Arabia/Qatar (the latter represented by a single sequence), Jordan, Israel, Iran, Iraq, 9 
Afghanistan, Pakistan, United Arab Emirates (UAE), Eastern Asia and Europe. To assess the 10 
overall degree of geographical structure among H9N2 viruses sampled from the Central Asian and 11 
Middle Eastern regions analyzed here, we used the BaTS program (32) to estimate values of the 12 
association index (AI) and parsimony score (PS) statistics of phylogeny-trait association, with the 13 
traits (the geographical regions) defined above. Importantly, this method uses the posterior 14 
distribution of trees obtained from the BEAST analysis described above, and thereby accounts for 15 
phylogenetic uncertainty in the data. The BaTS program also allowed us to assess the level of 16 
clustering in individual locations using the monophyletic clade (MC) size statistic (32). In all cases, 17 
1000 random permutations of tip locations were undertaken to create a null distribution for each 18 
statistic 19 
 20 
Analysis of selection pressures 21 
Gene and site-specific selection pressures for all segments of Central Asian and the Middle Eastern 22 
H9N2 viruses were measured as the ratio of nonsynonymous (dN) to synonymous (dS) nucleotide 23 
substitutions per site.  In all cases dN/dS ratios were estimated using the Single Likelihood Ancestor 24 
Counting (SLAC) and Fixed Effects Likelihood (FEL) maximum likelihood methods available at 25 
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 9 
the Datamonkey online version of the Hy-Phy package (21).  All analyses utilized the GTR model 1 
of nucleotide substitution and employed neighbor-joining phylogenetic trees.  2 
 3 
RESULTS 4 
 5 
Phylogenetic relationships among H9N2 viruses in Central Asia and the Middle East from 6 
1998 to 2010: multiple introductions and extensive reassortment events 7 
To investigate the genetic diversity of avian influenza H9N2 viruses in Central Asia and the Middle 8 
East we analysed the eight genome segments of all the H9N2 viruses from this geographic region 9 
that are available on GenBank (the number of available sequences ranged from 71 for the M gene to 10 
145 for the HA gene) combined with 34 genome sequences newly generated in this study. 11 
Phylogenetic relationships were determined between these viruses and representative sequences 12 
from European and Asian countries, along with the G1 and Y280 established Eurasian H9N2 13 
lineages.  The topologies of all the eight maximum likelihood phylogenetic trees revealed 14 
substantial genetic diversity, exemplified by multiple co-circulating H9N2 lineages and frequent 15 
reassortment events, which could be schematically identified as either inter-subtype (between 16 
different HA subtypes) or intra-subtype (between different H9 genetic clusters) exchanges.  17 
Analysis of the HA phylogeny identifies four monophyletic groups of H9N2 viruses in 18 
Central Asia and the Middle East – denoted A, B, C and D (table 2) – each of which is defined by 19 
high bootstrap (>70%) values and average percentage pairwise nucleotide distances within and 20 
between groups of <5% and  >5%, respectively (figure 1). The phylogenetic groups identified in the 21 
HA tree (A to D) are maintained in most of the remaining gene segments (figure 2 and figures S1 to 22 
S6 in the supplemental material). Importantly, the topologies of the eight segment phylogenies 23 
show that each group (A to D) is characterized by a unique genomic constellation, indicative of the 24 
extensive mixing of gene segments from multiple avian influenza subtypes.  25 
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 10 
Of particular note, our phylogenetic analysis suggests that the HA, NA and M genome 1 
segments of the four genetic groups (A to D), as well as the NP gene of group B, derive from the 2 
G1-lineage, while the remaining gene segments have been replaced through inter-subtype 3 
reassortment and do not show any relationship with the previously identified G1 and Y280 Eurasian 4 
H9N2 lineages, generating many different genotypes (figures 1 and 2 and figures S1 to S6 in the 5 
supplemental material). As recently described by Iqbal et al. (2009), some H9N2 strains collected in 6 
Pakistan from 2005 to 2006 have acquired the NS gene segment from HPAI H5N1 (clade 2.2) and 7 
Pakistani HPAI H7N3 viruses (18). However, in most cases the origin of the H9N2 segments 8 
cannot be established. 9 
Viruses possessing the gene segment constellation A or B appear to have circulated 10 
extensively in Central Asia and the Middle East (table 2), while groups C and D were only detected 11 
in the UAE between 2000 and 2002, and in Iran from 1998 to 2007, respectively.  Group A contains 12 
viruses isolated in Israel (Israel-1 and Israel-2 group in the phylogenetic trees and in table 2) and 13 
Jordan (Jordan-1) between 2000 and 2007, and A/quail/Saudi Arabia/08vir3489-46-as104/2006. Of 14 
note, A/ck/Saudi Arabia/532/1999 contains the same gene composition, and could be considered the 15 
progenitor of these viruses as it is located near the root of cluster A in all the phylogenetic trees 16 
(figures 1 and 2 and figures S1 to S6 in the supplemental material), except the HA, where it does 17 
not belong to any identified cluster.  18 
Viruses from Pakistan (2006-2008), Afghanistan (2008-2009), A/ck/Iran/10vir854-5/2008 19 
and A/ck/Iran/10vir854-3/2009 were identified as group B. Our phylogenetic analysis suggests that 20 
this group arose after acquiring the HA, NA, M and NP gene segments from viruses isolated in 21 
Pakistan in 1999 (entirely belonging to the G1 lineage), as Pakistani strains tended to cluster near 22 
the root of the cluster B in the four phylogenies. In contrast, the remaining genes have been 23 
obtained by inter-subtype reassortment events. 24 
Cluster D consists only of viruses from Iran (Iran-1) that, based on the HA phylogeny, 25 
circulated from 1998 to 2007. Due to the lack of sequence data for the internal genes of most of the 26 
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 11 
Iranian viruses previously deposited in GenBank, this group is only represented by 1 
A/ck/Iran/11T/99 and A/ck/Iran/10vir854-1/02 in the PB2, PA and NP phylogenies. Interestingly, 2 
the NP gene appears to cluster with A/duck/Hong Kong/Y439/97, suggesting that the Y439 H9N2 3 
lineage circulating in Asia may be the source of this gene. 4 
The occurrence of inter-subtype reassortment is evident also for three H9N2 viruses from 5 
Iraq-Kurdistan and Iran. Interestingly, four gene segments (HA, NA, M and NS) of two 2009 6 
Kurdistani strains and five gene segments (HA, NA, M, NP and NS) of A/chicken/Iran/10vir854-7 
4/2009 fall within the genotype B, while the remaining genes do not belong to any H9N2 groups (A 8 
to D) and show low sequence similarity with H9N2 Asian viruses, indicative of inter-subtype gene 9 
mixing (table 2). 10 
Besides these inter-subtype reassortment events, extensive intra-subtype reassortments 11 
among H9N2 viruses belonging to the four genetic groups (A to D) seem to have played an 12 
important role in the genesis of viruses with unique genome constellations (table 2). In particular, 13 
reassortant strains containing a mix of genes from groups A and B have been isolated in Israel 14 
(Israel-3) from 2006 to 2009, in Jordan (Jordan-2, 2010) and in Saudi Arabia in 2007 (table 2). 15 
Interestingly, these viruses show three different type of reassortments: Israel-3 and Jordan-2 contain 16 
four genes from group A and four from group B, two Saudi Arabian isolates possess five genes of 17 
group A and three of group B, and one virus from Saudi Arabia has acquired another gene from 18 
cluster A.  19 
Distinct reassortments between groups B and C are identified in the UAE in 2003 and 2008, 20 
in Qatar in 2008, and in Saudi Arabia in 2005 and 2006 (table 2). In addition, two different triple 21 
reassortant viruses, containing gene segments belonging to the clusters A, B and C, have been 22 
detected in Saudi Arabia from 2005 to 2007. The 2007 isolate was probably generated by further 23 
reassortment events, involving the PB2 and the NA genes, of the Saudi Arabian strains circulating 24 
in 2005-2006. 25 
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 12 
More generally, these data suggest that a unique reassortant virus became predominant in 1 
Israel and Jordan and spread in these two countries between 2006 and 2010. In the other countries, 2 
reassortant viruses circulated for shorter periods and underwent further reassortment events, 3 
generating strains with distinct gene compositions. For example, in Saudi Arabia six distinct 4 
reassortant viruses were detected: two in 2005, two in 2006 and two in 2007 (table 2). 5 
 6 
Rates of nucleotide substitution and time-scale of viral evolution in Central Asia and the 7 
Middle East 8 
Rates of nucleotide substitution and tMRCAs were estimated for each segment of the entire 9 
population of H9N2 viruses from Central Asia and the Middle East. For all genes, the lower 95% 10 
HPDs of CoV values of the relaxed (uncorrelated lognormal) molecular clock were >0, so a relaxed 11 
molecular clock model, which allows for the rate variation across lineages, was used in preference 12 
to a strict molecular clock.  13 
The mean substitution rates for all segments were found to be within the range typically 14 
observed for avian influenza viruses (8). The highest rate of evolution was observed in the NA 15 
segment (4.26 x 10-3 substitutions/site/year; 95% HPD, 3.70 x 10-3 to 4.80 x 10-3), while the lowest 16 
rate was observed in the M segment (2.22 x 10-3 substitutions/site/year; 95% HPD, 1.78 x 10-3 to 17 
2.69 x 10-3) (table 3). 18 
To establish when H9N2 virus genes were introduced in Central Asia and the Middle East, 19 
we estimated the tMRCA for the entire population of H9N2 viruses circulating in this area (the 20 
time-scaled MCC trees for each gene segment, showing nodal divergence times, are provided in 21 
figure S7 in the Supplementary Information). As expected given the different origins of the internal 22 
gene segments, the tMRCAs calculated for the PB2, PB1, PA, NP and NS genes were relatively 23 
distant in time (mean tMRCAs ranged from 1968 to 1981, table 3), while the mean tMRCAs 24 
estimated for the segments belonging to the G1 lineage (HA, NA and M) ranged from 1989 to 1994. 25 
Notably, the tMRCAs estimated for the HA and NA genes were very similar – 1993 (1990-1996, 26 
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 13 
95% HPD) and 1994 (1991-1996, 95% HPD), respectively – and approximately five and four years 1 
before the detection of H9N2 viruses in Central Asia and the Middle East (table 3).  2 
Dating the time of emergence of each gene segment of lineage A and B showed different 3 
tMRCAs, supporting the results of the phylogenetic analysis depicting multiple reassortment events 4 
among gene segments derived from different sources. In particular, the mean tMRCAs estimated for 5 
the genes of lineage A ranged from 1987 to 1997, while the tMRCAs obtained for the genes of 6 
lineage B ranged from 1991 to 2001, suggesting that this lineage may have emerged in 2001 when 7 
H9N2 viruses were already circulating in Central Asia and the Middle East.  8 
 9 
Phylogeography of H9N2 in Central Asia and the Middle East 10 
Our phylogenetic analysis also revealed that most of the H9N2 genes circulating in Central Asia 11 
and the Middle East clustered with viruses from Eastern Asia, suggesting that birds in this area may 12 
be an important source of H9N2 genetic diversity. In addition, in all phylogenetic trees the 13 
Jordanian and the Afghani H9N2 viruses showed a close relationship to the H9N2 sequences from 14 
Israel and Pakistan, respectively, and which may reflect a considerable trade in commercial poultry 15 
between these countries.  16 
Although our phylogenetic analysis revealed some mixing of H9N2 sequences among 17 
localities, most notably Saudi Arabia, which is indicative of at least some widespread of viral gene 18 
flow, most of the viruses sampled from individual countries tended to cluster together, which is 19 
strongly suggestive of major geographic subdivision among H9N2 viruses. To examine the extent 20 
and pattern of geographical structure in these data in a more quantitatively rigorous manner, we 21 
used a series of phylogeny-trait association tests, in which each H9N2 virus was assigned to a 22 
different geographic region. Accordingly, our Bayesian MCMC analysis of geographical 23 
association revealed a very strong geographic clustering of H9N2 strains by country of origin (P=0 24 
for both AI and PS statistics in all gene segments). Similarly, when the extent of phylogenetic 25 
clustering of individual countries was tested, significant population subdivision was observed in all 26 
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 14 
countries. Such localized clustering was especially strong in Jordan and Afghanistan, in which the 1 
MC statistic was strongly significant in all gene segments (P<0.0009; table S1 in the supplemental 2 
material), while in Pakistan and Iran lower significance values were observed for four and three 3 
genes, respectively, (P>0.001 table S1 in the supplemental material) indicative of some gene flow 4 
involving birds from these localities. Notably, the MC statistic was significant for every country 5 
analyzed, indicating that H9N2 genetic diversity is shaped primarily by within-country evolution 6 
rather then extensive between-country migration. 7 
 8 
Diversifying selection in the H9N2 genes and identification of potential additional 9 
glycosylation sites 10 
Our analysis of selection pressures revealed that most codons in all genes were subject to purifying 11 
selection (mean dN/dS ratios varied between 0.07 and 0.61; table 4).  Despite this, we identified 12 
several individual codons in the HA, NA, PB2, PA, NS1 and M1 genes that may be subject to 13 
positive selection (table 4). Specifically, three positively selected residues in the HA gene at 14 
positions 168, 198 and 234 (160, 190, 226 in H3 numbering) are located at the receptor binding site 15 
or on the tip of the HA (26). Substitutions in these positions may affect virus interactions with cell 16 
surface receptors. Furthermore, site 234 (226 in H3 numbering) falls within the epitope II of H9 and 17 
plays a role in the receptor binding specificity of HA (20). In addition, additional potential 18 
glycosylation sites (AGS) are detected at positions 145 (137 in H3 numbering) in two viruses from 19 
Israel (2007-2008), at position 206 (198 in H3 numbering) in the HA protein of A/quail/Saudi 20 
Arabia/08vir3489-46-as104/06 and A/chicken/Iran/SS1/1998, and at position 218 (210 in H3 21 
numbering) in four viruses from the UAE (2000-2003), three from Pakistan (1999) and three from 22 
Iran (1998-2007). Interestingly, sites 137 and 198 have previously been demonstrated to be 23 
antigenically relevant amino acid positions in H9 hemagglutinin (20, 36) and glycosylation in these 24 
two sites could play a role in antigenic variation. Similarly, in the NA gene we identified seven 25 
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 15 
residues under positive selection pressure, six of which were located in the NA globular head (26).  1 
Mutations at these positions may influence the antigenic specificity of these viruses. 2 
 3 
Molecular characterization 4 
Amino acid mutations with possible implications for pandemic emergence 5 
Recent studies have demonstrated that the amino acid leucine (L) at position 226 in the HA receptor 6 
binding site (RBS) plays a key role in human virus-like receptor specificity, and promotes 7 
transmission of H9N2 in ferrets (46). Sorrel et al. (2009) showed that the combination of four key 8 
amino acid residues at the RBS of the HA molecule (H183, A189, E190 and L226) is essential for 9 
respiratory droplets transmission of a reassortant virus carrying the surface proteins of an avian 10 
H9N2 in a human H3N2 backbone (42). Our analysis of H9N2 from Central Asia and the Middle 11 
East reveals that 23/42 (54.8%) viruses of lineage A, 91/97 (93.8%) viruses of lineage B, 6/7 12 
(85.7%) viruses of lineage C and 16/29 (55.1%) viruses of lineage D contain the amino acid leucine 13 
at position 226 (H3 numbering) at the RBS. Moreover, seven viruses show three of the four key 14 
amino acid residues at the RBS. In particular, A/ostrich/Eshkol/619/02, A/turkey/Israel/619/02, 15 
A/chicken/Iran/SS1/98, A/chicken/Iran/TH77/98, A/quail/Dubai/301/00 and A/quail/Dubai/302/00 16 
viruses possess H183, E190 and L226, while A/quail/Saudi Arabia/08vir3489-46-as104/06 contains 17 
H183, A189, and E190. Interestingly, an alanine at position 189 is rarely observed among H9N2 18 
viruses (only 6 of 847 Eurasian H9 sequences available in GenBank show A189), and the Saudi 19 
Arabian isolate is the only virus from the G1 lineage that carries this substitution. In addition, 20 
position 189, located on the tip of the globular head of HA1, is considered a critical antigenic site 21 
and has been implicated in H9 escape mutants (42). 22 
To understand the pandemic risk posed by the H9N2 viruses we also investigated the 23 
species-associated signature positions thought to be characteristic of human influenza A viruses. 24 
Residues located at the avian-human signature positions previously described by Chen et al. (2006), 25 
Finkelstein et al. (2007), and Pan et al. (2010) and identified in the H9N2 genes are listed in table 26 
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S2 (7, 13, 31). Although the predominant amino acid found is consistent with avian influenza 1 
viruses at most marker locations, in a small proportion of H9N2 sequences the amino acid prevalent 2 
in human-hosted viruses has been acquired. Accordingly, we found 21 host markers in the PB2, 3 
PB1-F2, PA, NP, M2 and NS2 proteins (table S2). However, no single H9N2 isolate contains more 4 
than four of these 21 sites. 5 
 6 
Amino acid mutations associated with virulence 7 
Our analysis of the NS1 protein revealed the existence of two mutations, at positions 92 and 8 
227, which have previously been demonstrated to modulate pathogenicity of avian influenza. 9 
Mutation D92E is observed in three viruses isolated in Pakistan in 1999, while E227K is found in 10 
47 of 119 H9N2 viruses analysed here. The glutamic acid residue at position 92 of the NS gene 11 
appears to be implicated in influenza virus resistance to host antiviral activity exerted by interferons 12 
and TNF-α (38). 13 
Mutation E227R/K is a persistent host marker (table S2) located in the extreme C- terminal 14 
region of the NS1 (7, 13, 31), and has been shown to modulate pathogenicity of avian influenza 15 
through mechanisms not yet completely clarified (19, 30). In particular, the four C- terminal 16 
residues of the NS1 gene correspond to a PDZ ligand domain (PL), which is a protein–protein 17 
recognition module that organizes diverse cell-signalling assemblies (40). Viruses containing the C-18 
terminal four residue PL sequence from the 1918 H1N1 (KSEV) and from H5N1 highly pathogenic 19 
avian influenza (HPAI) viruses (ESEV or EPEV) showed a significantly increased virulence and 20 
pathogenicity in infected mice (19). Interestingly, 82 of the 119 H9N2 viruses analysed in this study 21 
contain one of these motifs.  In addition, all H9N2 viruses belonging to group A contained the 22 
substitution N66S in the PB1-F2 protein. This mutation, also found in the Hong Kong 1997 H5N1 23 
viruses and in the 1918 H1N1 pandemic strain, has been shown to be associated with high 24 
pathogenic phenotypes in mice (10). 25 
 26 
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 17 
Amino acids substitutions associated with resistance to antiviral drugs 1 
Sequence analysis of the M2 ion channel protein revealed that 22 of the H9N2 viruses analyzed 2 
here contained amino acid changes at two positions previously associated with adamantane 3 
resistance (43). Specifically, twelve isolates (one from Iran, six from UAE and five from Israel) had 4 
the substitution V27A, while ten viruses (six from Iran, three from the UAE and one from Qatar) 5 
possessed the mutation S31N, as already described by Aamir et al. (2006) in seven isolates from 6 
UAE (1).  7 
 8 
DISCUSSION 9 
The H9N2 influenza viruses currently endemic in Asian poultry populations are considered one of 10 
the most likely candidates for a new pandemic influenza in humans (3). The detection of 11 
increasingly large numbers of H9N2 strains showing human-like receptor specificity, combined 12 
with the growing evidence for reassortment involving this subtype, emphasizes its potential to 13 
emerge and establish itself in the human population.  14 
This study represents the largest evolutionary analysis of H9N2 viruses undertaken to date. 15 
We show that H9N2 influenza viruses isolated from 1998 to 2010 in Central Asia and the Middle 16 
East comprise four distinct and co-circulating groups (A, B, C and D), each of which has undergone 17 
widespread inter- and intra- subtype reassortment.  Unlike groups C and D that were detected only 18 
in one country, groups A and B have circulated extensively in Central Asia and the Middle East and 19 
have been identified in six Asian countries from 1999 to the present day. Although it is difficult to 20 
determine the precise origin of the H9N2 lineages, our phylogenetic analysis revealed that the HA, 21 
NA and M genes of H9N2 viruses from Central Asia and the Middle East share the same 22 
progenitor, as they are all included within the G1-lineage. This indicates that these gene segments 23 
have ever undergone inter-subtype reassortment events since 1998, when the first isolates of this 24 
lineage were detected in this region. Of note, the G1-lineage was responsible for human infection 25 
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cases in Hong Kong in 1999 (25) and at the end of 2009 (48), suggesting that this variant is still 1 
potentially infectious for humans.  2 
Despite the frequent reassortment events and the identification of multiple co-circulating 3 
viruses in each country, we also observed a statistically significant geographical subdivision of viral 4 
strains. Hence, after entering a specific country, H9N2 viruses circulate among poultry populations 5 
in that locality, giving rise to well defined genetic groups. This was particularly apparent for most 6 
of the viruses isolated from Israel, Jordan, UAE and Afghanistan. In contrast, Saudi Arabian H9N2 7 
sequences are dispersed throughout the phylogenetic trees and are generated by multiple 8 
reassortment events between lineage A, B and C. The Arabian peninsula is one of the most import 9 
markets for poultry in the world, and during the last ten years has seen a rapid increase of imports 10 
of live poultry (28). Birds from this locality may act as an ecological sink, receiving viruses from 11 
different areas, but also as a regional source population. Indeed, our results show that the precursor 12 
of group A, which includes viruses from Israel, Jordan and Iraq, is a Saudi Arabian strain 13 
(A/chicken/Saudi Arabia/532/99).  14 
Our phylogeny-based analysis of geographical association identifies avian populations from 15 
Pakistan and Iran as two possible sources for the H9N2 virus in Central Asia and the Middle East, 16 
although across the data set as a whole by far the strongest signal was for population subdivision. 17 
This is consistent with our phylogenetic analysis that identifies Pakistani viruses as the main source 18 
of genes for group B, while Iranian strains appear to be a source of genes (PB1 and M) for UAE and 19 
Saudi Arabian viruses. However, all inferences regarding the geographical source of H9N2 will 20 
clearly need to be confirmed with a larger and less biased sample of viruses. Indeed, the long 21 
branches in all the phylogenetic trees that divide viruses collected from different countries confirm 22 
that surveillance and sampling of Central Asian and the Middle Eastern is currently inadequate.  23 
The trade in poultry and poultry products seems to play the major role in the spread of H9N2 24 
viruses among Central Asian and Middle Eastern countries, as all H9N2 isolates to date have been 25 
collected from domestic birds, mainly chickens. Unfortunately, our data does not shed light on the 26 
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 19 
means by which the virus was introduced into Central Asia and the Middle East, as neither of the 1 
two main means of spread – through wild birds or trade of poultry – can be definitely excluded on 2 
these data. However, our phylogenetic analysis does suggest that Eastern Asia plays the main role 3 
in the introduction of H9N2 viruses into this geographic region. To date, the mixing between HPAI 4 
H5N1 and H9N2 has only been detected in China (16) and Pakistan (18).  However the extensive 5 
co-circulation of these two subtypes in some countries could lead to further reassortment events, 6 
generating viruses with a range of phenotypic properties. 7 
Also of note was our identification of amino acid residues under positive selection in the 8 
antigenic sites of the HA molecule, such that some H9N2 viruses could differ substantially in 9 
antigenicity. This finding is compatible with the idea that the mass vaccination of poultry adopted 10 
in many of these countries is a major factor driving the evolution of the H9N2 viruses. Among the 11 
amino acid substitutions in H9 HA, 76.4% of the viruses analyzed contain the amino acid leucine at 12 
position 226 that is responsible for human virus-like receptor specificity and critical for replication 13 
and direct transmission of H9N2 viruses in ferrets (46). Furthermore, seven viruses contain three of 14 
the four residues at the RBS of the HA molecule that are considered critical for human-to-human 15 
transmission (42). In particular, A/quail/Saudi Arabia/08vir3489-46-as104/2006 contains three of 16 
these point mutations essential for respiratory droplet transmission and, more importantly, it 17 
possesses the change T189A that has been shown to dramatically alter the antigenicity of viruses 18 
(42). 19 
The data generated in this study provide the most comprehensive insight into the epidemiology 20 
and evolution of H9N2 virus in Central Asia and the Middle East. Despite these efforts, there 21 
remains a lack of information concerning H9N2 in this very large geographic region. Additional 22 
study and timely surveillance of H9N2 is clearly needed to identify any increments in viral 23 
adaptation to humans, and to constantly monitor the mixing of avian H9N2 with other influenza 24 
virus subtypes, including those circulating in humans, that may favor the emergence of influenza 25 
viruses with pandemic potential. 26 
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Table 1. Influenza subtypes included in the phylogenetic analysis of internal gene segments. 1 
 2 
SUBTYPE COMPOSITION 
H1N1 H2N2 H3N2 H4N2 H5N1 H6N1 H7N1 H8N4 H9N2 H10N5 H11N2 H12N2 H14N5 
 H2N3 H3N3 H4N6 H5N2 H6N2 H7N2   H10N7 H11N7 H12N3  
 H2N9 H3N5  H5N3 H6N5 H7N3    H11N8 H12N5  
  H3N6  H5N6 H6N8 H7N7    H11N9   
  H3N8  H5N9  H7N9       
 3 
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 30 
Table 2. Genome constellations of the H9N2 viruses collected in Central Asia and the Middle East. 1 
GENETIC GROUPS 
VIRUS 
PB2 PB1 PA HA NP NA M NS 
Israel-1 (2000-03) A A A A A A A A 
Israel-2 (2003-07) A A A A A A A A 
Jordan-1 (2004-07) A A A A A A A A 
Saudi Arabia 1999 A A A A A A A A 
quail/Saudi Arabia/08vir3489-46-as104/06 A A A A A A A A 
Iraq 2005 - - - A - A - - 
Afghanistan (2008-09) B B B B B B B B 
Pakistan (2005-08) B B B B B B B B 
Iran-2 (2003-2009)** B B B B B B B B 
ck/Iran/10vir854-3/2009 B B B B B B B B 
UAE 2000-02 C C C C C C C C 
Iran-1 (1998-2007)* D D D D D D D D 
Israel-3 (2006-09) A A A B A B B B 
Jordan-2 (2010) A A A B A B B B 
ck/Saudi Arabia/08vir3489-47-as215/07 A A A B A A B A 
ck/Saudi Arabia/08vir3489-50-as118/07 A A A B A B B A 
ck/Saudi Arabia/08vir3489-51-as366/07 A A A B A B B A 
UAE 2003 C B C C B C B C 
UAE 2008 C C C B B C B C 
Qatar 2008 C - - B B C B C 
ck/Saudi Arabia/08vir3489-44-as253/06 C B C B B B B C 
ck/Saudi Arabia/08vir 3489-38-as92/05 - - C B B C B C 
ck/Saudi Arabia/08vir 3489-33-as638/05 C C C B B A B C 
falcon/Saudi Arabia/08vir 3489-40-as977/06 C C C B B A B C 
ck/Saudi Arabia/08vir 3489-48-as997/07 A C C B B B B C 
Pakistan-1999 G1 G1 G1 G1 G1 G1 G1 G1 
Iraq-Kurdistan 2009 ? ? ? B ? B B B 
ck/Iran/10vir854-4/2009 ? ? ? B B B B B 
 2 
* cluster represented in all phylogenies by ck/Iran/11T/99; ck/Iran/854v10-1/02 3 
** cluster represented in all phylogenies by ck/Iran/854v10-5/2008 4 
- no sequences available 5 
? genetic group different from A, B; C or D 6 
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Table 3. Estimates of the rate of nucleotide substitution and tMRCA for H9N2 viruses from Central 1 
Asia and the Middle East.   2 
 3 
Gene Substitution/site/y x 10-3 (95% HPD) Mean tMRCA (95% HPD) 
PB2 3.20 (2.32-4.12) 1968 (1945-1985) 
PB1 3.13 (2.35-4.02) 1976 (1957-1991) 
PA 3.14 (2.31-3.95) 1974 (1952-1992) 
HA 4.14 (3.54-4.75) 1993 (1990-1996) 
NP 2.84 (2.24-3.46) 1981 (1970-1990) 
NA 4.26 (3.70-4.80) 1994 (1991-1996) 
NS 3.82 (2.76-4.87) 1979 (1960-1993) 
M 2.22 (1.78-2.69) 1989 (1982-1995) 
 4 
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Table 4. Amino acid sites under putative positive selection and mean dN/dS ratios for each gene 1 
 2 
Gene HA* NA PB2 PB1 PA NP NS1 NS2 M1 M2 
Si
te
s 
u
n
de
r 
po
sit
iv
e 
se
le
ct
io
n
 
(p
<
0.
05
) 
168 (160) 
198 (190) 
234 (226) 
282 (274) 
283 (275) 
 
42 
43 
50 
111 
141 
356 
463 
451 - 
 
237 
272 
 
- 171 
197 
215 
 
- 74 - 
Mean 
dN/dS 
0.23 0.26 0.08 0.07 0.08 0.07 0.38 0.31 0.13 0.61 
*
 Position numbers are for the H9 HA, with those for H3 HA in parentheses. 3 
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FIGURE LEGENDS 1 
Figure 1. Maximum likelihood (ML) phylogenetic tree for the HA gene segment of H9N2 avian 2 
influenza viruses from the Middle East and Asia. Sequences of H9N2 viruses analyzed in this study 3 
are highlighted with different colors according to the country of origin: purple for Iran, green for 4 
Israel, red for Saudi Arabia, grey for UAE, yellow for Afghanistan, orange for Pakistan, blue for 5 
Jordan, light blue for Iraq. Genetic groups are coloured as follows: group A is blue, group B is 6 
green, group C is red, and group D is yellow. The numbers at each node represent bootstrap values.  7 
 8 
Figure 2. ML phylogenetic tree for the NA gene segment of H9N2 avian influenza viruses from the 9 
Middle East and Asia. The color scheme is the same as that used in figure 1. 10 
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